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Molecular Mechanisms of Bacterial Virulence
Elucidated Using a Pseudomonas aeruginosa±
Caenorhabditis elegans Pathogenesis Model
The human opportunistic pathogen P. aeruginosa is
a gram-negative bacterium that infects injured, burned,
immunodeficient, or otherwise compromised patients
and causes a wide range of infections (Wood, 1976). It
is also a leading cause of pulmonary damage and mor-
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a natural soil inhabitant, it is versatile in its metabolicBoston, Massachusetts 02114
²Harvard Society of Fellows potential, allowing it to survive in a number of natural
and hospital environments. In addition, P. aeruginosa isCambridge, Massachusetts 02138
³Department of Surgery versatile in its mechanisms of virulence, employing a
multiplicity of factors that contribute to its survival andHarvard Medical School and Shriner's Burns Institute
Massachusetts General Hospital pathogenicity.
Apparently, the combination of environmental persis-Boston, Massachusetts 02114
tence and ability to employ multiple virulence factors
allows P. aeruginosa to be extremely effective both as
a human opportunistic pathogen and as a plant patho-Summary
gen. To experimentally exploit the broad host range of
P. aeruginosa, our laboratory has developed a multihostThe human opportunistic pathogen Pseudomonas
pathogenesis model involving a single clinical isolate ofaeruginosa strain PA14 kills Caenorhabditis elegans.
P. aeruginosa, UCBPP-PA14 (referred to as PA14), thatUsing systematic mutagenesis of PA14 to identify mu-
is infectious in an Arabidopsis leaf infiltration model astants that fail to kill C. elegans and a C. elegans mutant
well as in a mouse skin full thickness burn model. Iso-that lacks P-glycoproteins, we identified phenazines,
genic PA14 derivatives containing mutations in pre-secreted P. aeruginosa pigments, as one of the media-
viously identified pathogenicity-related genes were showntors of killing. Analysis of C. elegans mutants with altered
to decrease pathogenicity in both models, suggestingresponses to oxidative stress suggests that phen-
that infection and disease were the result of a sharedazines exert their toxic effects on C. elegans through
set of virulence factors that have ancient evolutionarythe generation of reactive oxygen species. Finally, we
origins (Rahme et al., 1995).show that phenazines and other P. aeruginosa factors
Based on the hypothesis that many of the virulencerequired for C. elegans killing are also required for
determinants shared between animal and plant patho-pathogenesis in plants and mice, illustrating that this
gens remain undiscovered, our laboratory undertook amodel tackles the dual challenges of identifying bacterial
systematic genetic screen to identify genes required forvirulence factors as well as host responses to them.
the virulence of P. aeruginosa PA14 in Arabidopsis, a
method previously unfeasible, using a vertebrate animalIntroduction
pathogenesis model. Remarkably, most of the virulence
factors identified in this plant screen were shown to beThe outcome of antagonistic encounters between patho-
virulence factors in the mouse burn model, and most ofgenic bacteria and their hosts depends on the virulence
them were previously unknown. These results demon-factors displayed by the bacteria, the existence of corre-
strated that a plant model system could be successfullysponding host targets, and host responses to these
used as an adjunct to animal models for the study offactors. Although much remains to be learned about
pathogenicity-related genes (Rahme et al., 1997).host targets and responses, significant advances have
To further facilitate an analysis of the dynamic inter-been made recently in the identification of bacterial viru-
play between bacterial and host factors, we have devel-lence factors. Many virulence factors are induced by the
host and thus can only be detected using techniques oped an additional pathogenesis system using PA14
that include the host. Thus, a variety of techniques have and the nematode Caenorhabditis elegans. Specifically,
been developed that identify potential virulence factors we observed that C. elegans are killed when provided
based on the induction of bacterial genes or the survival PA14 as a food source. Elsewhere, we show that one
of mutagenized bacteria within specific host environ- mode of PA14 killing involves an infectious-like process
ments (reviewed in Strauss and Falkow, 1997). In addi- that is correlated with the accumulation of PA14 in the
tion, our laboratory recently found that the bacterium C. elegans intestine (Tan et al., 1999). In this paper, we
Pseudomonas aeruginosa can cause disease in both show that another mode of PA14 killing involves the
plants and animals using a shared subset of virulence secretion of diffusible toxins and that this killing phe-
factors, leading to the approach of using alternate non- nomenon can be exploited to identify P. aeruginosa viru-
vertebrate hosts such as the plant Arabidopsis thaliana lence factors that are also important in mammalian
for the direct screening of virulence factors relevant to pathogenicity. In addition, we exploit the genetic tracta-
pathogenesis in mammals (Rahme et al., 1995, 1997). bility of the C. elegans±P. aeruginosa system and make
use of existing C. elegans mutants to reveal interactions
between specific bacterial virulence factors and corre-§ To whom correspondence should be addressed (e-mail: ausubel@
frodo.mgh.harvard.edu). sponding host defense mechanisms.
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Results
P. aeruginosa Strain PA14 Kills C. elegans
Quickly on High Osmolarity Media
The P. aeruginosa strain PA14, which was previously
shown to be capable of causing disease in both plants
and mice (Rahme et al., 1995) was tested for its ability
to kill C. elegans. Since worms are maintained in the
laboratory on plates by feeding on E. coli OP50 lawns,
this nonpathogenic strain was simply replaced with
PA14, and worms were assayed for their ability to sur-
vive. When wild-type C. elegans are placed onto a lawn
of PA14 grown on standard NG medium used to raise
C. elegans, the nematodes die over a period of 2±3 days
(Tan et al., 1999; referred to as ªslow killingº). In contrast
to NG medium, when worms are placed on PA14 lawns
grown on the richer, lower phosphate and higher osmo-
larity PGS medium, most of the worms die within 4 to
24 hr (Figure 1A; referred to as ªfast killingº). The finding
that PA14 mutants that affect fast killing have little or
no effect on slow killing and vice versa (Tan et al., 1999)
suggests that fast and slow killing are most likely medi-
ated by distinct underlying mechanisms. In this paper,
we focus on the use of the fast killing model to study
the pathogenicity of P. aeruginosa.
One of the most critical factors that was found to Figure 1. Killing of C. elegans by P. aeruginosa Strain PA14
affect fast killing was the osmolarity of the medium. Fig- For the fast killing assays, 15±20 L4 stage worms were placed on
ure 1A shows that addition of sorbitol to the medium each PGS plate, and each assay consisted of three to four replicates.
Bacteria were grown and worms were assayed as described inincreased the rate of fast killing. A standard medium
Experimental Procedures.(PGS) that contained 0.15 M sorbitol was adopted for
(A) Fast killing assays were conducted in PG medium with no sorbitolfast killing assays because this was the highest concen-
(closed squares), 0.1 M sorbitol (open squares), or 0.15 M sorbitol
tration that did not affect the growth and reproduction (open triangles).
of worms when maintained on E. coli OP50 lawns. A (B) Fast killing is mediated by diffusible toxins. PA14 or control DH5a
bacteria were grown on PGS plates or on 0.45 mm filters placed onsecond critical factor that affected fast killing was the
PGS plates. Following growth of the bacteria, filters were removeddevelopmental stage of the worms. Because the last
and worms were placed on the plates. Worms were counted afterlarval stage (L4) died much more rapidly than adults (see
4 hr.
below), L4 stage worms were used in most of the assays.
Worms at the developmentally arrested dauer stage
were resistant to fast killing. However, because PA14 Use of the C. elegans Fast Killing Model
served as a signal to exit the dauer stage, worms died to Isolate PA14 Mutants
shortly after reentry into normal larval development (data To identify bacterial factors that mediate fast killing, a
not shown). screen was conducted to isolate PA14 mutants that
were defective in the process (see Experimental Proce-
dures for details). By screening 3300 PA14::TnphoA in-
Fast Killing Is Mediated by Diffusible Toxins sertion mutants, seven mutants that exhibited an attenu-
The rapid kinetics of fast killing suggested that it may ated fast killing phenotype were identified. As seen in
represent a process mediated by diffusible toxins rather Figures 2A and 2B, at the 24 hr time point, at most 24%
than an infectious process. To differentiate between the of L4 larval worms were killed when placed on one of
two possibilities, PA14 was grown under standard fast seven mutant bacterial lawns compared to 78% placed
killing conditions, or on nitrocellulose filters (pore diame- on wild-type PA14 lawns. The growth rates of the mu-
ter of 0.45 mm) covering the entire surface of PGS plates. tants in both minimal and rich media were comparable
Following growth, the filters were removed and worms to wild type with the exception of 13C9, which grew
placed on the plates. As seen in Figure 1B, worms were significantly slower than PA14 (data not shown). Three
effectively killed after 4 hr whether or not they were in mutants (13C9, 23A2, 36A4; Figure 2B) had the blue-
actual contact with the PA14 bacteria. In contrast, no green color characteristic of PA14, while four others
killing was observed with E. coli DH5a in this experi- were reduced in pigment production (3E8, 6A6, 8C12,
ment. Additional experiments were performed exposing 1G2; Figure 2A). An additional mutant, pho34B12, that
worms to crude PA14 extracts grown under fast killing was identified in a screen for PA14 mutants attenuated
conditions; however, no killing of worms was observed in virulence in the Arabidopsis leaf infiltration model
(data not shown). It is likely that the extracts need to be (Rahme et al., 1997) was also found to be defective in
further purified in order to concentrate the toxins that the fast killing model (data not shown) and fell into the
nonpigmented category.mediate fast killing.
C. elegans±P. aeruginosa Pathogenesis System
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Table 1. Pathogenicity of PA14 Fast Killing Mutants in Plants
and Mice
Growth in
Arabidopsis % Mouse
Strain Leavesa Mortality (n)b Gene Identity
PA14 7 3 108 100 (.16)
1G2 3 3 107 100 (8) no matches, contains
histidine kinase
motif
3E8c, 6A6 3 3 105 18 (16) phzB
8C12 5 3 105 63 (8) no matches
23A2 1 3 104 85 (16) mexA
36A4 2 3 104 0 (16) hrpM
a CFU/cm2 leaf area of bacterial counts at 5 days postinoculation
with 103 bacteria. Values represent means of four to five samples.
Mutants are defined as less pathogenic when the mean value of
bacterial counts is 2 standard deviations lower than the wild-type
within the same experimental set.
b Six-week-old male AKR/J inbred mice (from Jackson Laboratories),
weighing between 20 to 30 gm, were injected with 5 3 105 bacterial
cells. n is the total number of mice injected. The number of mice
that died of sepsis was monitored daily for 7 days.
c 3E8 and 6A6 are independently generated mutants that contain
TnphoA inserted in exactly the same location. The numbers reported
are those obtained using 3E8. Similar results were obtained with
6A6 (data not shown).
Molecular Characterization of PA14 Mutants
DNA blot analysis revealed that each of the fast killing
mutants contained a single TnphoA insertion (not shown).
DNA flanking the TnphoA insertion in each of the mu-
tants was amplified using inverse PCR (IPCR), se-
quenced, and the predicted translation products of the
identified reading frames were compared to the Gen-
Bank databases as well as to a P. aeruginosa PAO1
genome database (www.pseudomonas.com) using the
program BLASTX. This analysis showed that both novel
and previously known genes were identified using the
Figure 2. PA14 Mutants Defective in Fast Killing fast killing screen (Table 1).
(A) Killing of worms by the wild-type PA14 strain compared with The DNA sequence tags obtained from all three of the
four TnphoA mutants (3E8, 6A6, 8C12, 1G2) that were reduced in mutants that produced wild-type levels of pyocyanin
pigment production. had homologies to known genes in Pseudomonads. Mu-(B) Killing of worms by the wild-type PA14 strain compared with
tant 36A4 contained TnphoA inserted into a gene homol-TnphoA mutants (23A2, 36A4, 13C9) that generated wild-type levels
ogous to hrpM, previously identified as a locus control-of pigment.
(C) Measurement of pyocyanin levels in four fast killing mutants ling pathogenicity in the plant pathogen Pseudomonas
(3E8, 6A6, 8C12, 1G2), pho34B12 (previously identified in a plant syringae (Mukhopadhyay et al., 1988; GenBank acces-
screen; Rahme et al., 1997), and a DphnAphnB mutant, that were sion # 140793). This locus also has homology to the E.
defective in pigment production. The values are reported as the coli mdoH gene, which encodes an enzyme involved inpercentage of the wild-type PA14 strain corrected for the number
the biosynthesis of periplasmic glucans (Loubens et al.,of cells per milliliter of culture.
1993; GenBank accession # X64197). Mutant 23A2 cor-
responds to a gene previously identified in P. aeruginosa
strain PAO1 as mexA (Poole et al., 1993; GenBank ac-The characteristic blue-green color of P. aeruginosa
strains has been attributed to a group of tricyclic sec- cession # L11616). The product of mexA, predicted to be
a cytoplasmic membrane±associated lipoprotein, likelyondary metabolites collectively known as phenazines,
the most extensively characterized of which is pyocya- functions together with the products of the other two
genes contained in the same operon, mexB and oprM,nin (1-hydroxy-5-methyl phenazine; Figure 3A; reviewed
in Turner and Messenger, 1986). As seen in Figure 2C, as a nonATPase efflux pump with broad substrate speci-
ficity (Li et al., 1995). Mutant 13C9 corresponds to aall five mutants that were characterized as having a
reduced pigment phenotype were also reduced in pyo- P. aeruginosa PAO1 gene called orp (osmoprotectant-
dependent regulator of phospholipase C; GenBank ac-cyanin production, with levels ranging from 10% to 50%
of the wild-type strain. The remaining three mutants, cession # U54794), which regulates the expression of
the pathogenicity factor PlcH, one of the two isoforms13C9, 23A2, and 36A4, had levels of pyocyanin compa-
rable with the wild-type strain (data not shown). of phospholipase C (Sage et al., 1997).
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Figure 3. Phenazines Are Required for Fast
Killing
(A) The anthranilate±synthase complex en-
coded by the phnA and phnB genes catalyzes
the conversion of chorismate to anthranilate,
which serves as a precursor for pyocyanin
production in P. aeruginosa strain PAO1 (Es-
sar et al., 1990). The double arrows indicate
the involvement of multiple, undefined steps
leading from the conversion of anthranilate
to pyocyanin.
(B) Generation of the DphnAphnB mutant by
an in-frame deletion of 1602 bp within the
phnA and phnB genes.
(C) Effect of the DphnAphnB mutant on fast
killing. Fast killing assays were conducted us-
ing the wild-type PA14 strain, the TnphoA mu-
tant 3E8, or the DphnAphnB strain. Worm
mortality was monitored 3 hr after initial expo-
sure to the bacteria.
Molecular analysis of two of the nonpigmented mu- Phenazines Are Required for Fast Killing
of C. eleganstants 1G2 and 8C12 showed that they contained inser-
tions into novel genes, although DNA flanking the 1G2 The molecular analysis of the 3E8 and 6A6 mutants
(containing insertions in an operon known to regulateinsertion contained a motif characteristic of histidine
sensor kinases. This gene was not present in the PAO1 phenazine production) strongly suggested that phen-
azines represented one class of toxin that mediates fastgenome database. Although the 8C12 sequence tag
identified a homologous gene in the PAO1 database, killing. To directly test this hypothesis, an additional muta-
tion, DphnAphnB, was generated.no significant motifs were found within this gene. Two
mutants, 3E8 and 6A6, contained TnphoA insertions into Although little is known about the nature of the en-
zymes that catalyze the formation of phenazines in P.the same gene, which was homologous to the previously
identified phzB gene in P. fluorescens strain 2-79 (Gen- aeruginosa and related Pseudomonads, the conversion
of chorismate to anthranilate is thought to be a key stepBank accession # AF007801) and phzY in P. aureofa-
ciens strain 30-84 (GenBank accession # L48616). These in the pathway (Figure 3A). In P. aeruginosa strain PAO1,
this step is most likely catalyzed by the anthranilatetwo mutants contained the TnphoA insertion in exactly
the same position although they were obtained from two synthase encoded by the phnA and phnB genes (Essar
et al., 1990). The phnA and phnB genes were cloneddifferent mutant libraries. phzB and phzY are present in
operons known to regulate production of phenazine-1- from PA14, and a DphnAphnB mutant containing a 1602
bp deletion in these genes was generated (Figure 3B).carboxylate (PCA) in both P. fluorescens and P. aureofa-
ciens (Mavrodi et al., 1998). DNA flanking the TnphoA Importantly, this mutation was designed to be nonpolar
on the ORF downstream of phnA and phnB that wasinsertion in the final nonpigmented mutant pho34B12
was previously cloned and shown to be a novel locus shown to be required for pyocyanin production in PA14
(Rahme et al., 1997). Measurement of pyocyanin in the(Rahme et al., 1997). Interestingly, this insertion is imme-
diately downstream of the phenazine biosynthetic genes DphnAphnB mutant showed that it generated only 10%
of wild-type levels (Figure 2C), confirming that phnAphnA and phnB, as identified in P. aeruginosa strain
PAO1 (Essar et al., 1990). and phnB are involved in pyocyanin production in strain
PA14 just as in PAO1. As seen in Figure 3C, less thanTo determine whether the mutant phenotypes corre-
lated with the TnphoA insertions, two mutants, the non- 5% of the worms were dead 3 hr after exposure to
DphnAphnB, similar to the result obtained with mutantpigmented 3E8 and the pigmented 23A2, were selected
for further analysis. Using a marker exchange strategy, 3E8, which served as the control for an attenuated mu-
wild-type sequences were used to replace the TnphoA tant in this experiment.
insertions in the 3E8 and 23A2 mutants, thereby restor-
ing the fast killing phenotype to wild type. In addition,
C. elegans Mutants with Altered Responsespyocyanin levels in the restored 3E8 strain were compa-
to Oxidative Stress Are Affectedrable to the wild-type PA14 strain, suggesting that the
in Fast Killinglack of pigmentation correlated with the fast killing phe-
Pyocyanin, the most extensively characterized phen-notype (data not shown).
azine, has been shown to be cytotoxic to a variety ofThe DNA sequences corresponding to the TnphoA
eukaryotic and prokaryotic cells, effects partially attrib-mutants were deposited in GenBank and were assigned
uted to its ability to undergo redox cycling. In vitro, underthe following accession numbers: AF092442 (3E8),
aerobic conditions, pyocyanin results in the formation ofAF092566 (23A2), AQ215168 (13C9), AQ215169 (36A4),
AQ215170 (8C12), and AQ215171 (1G2). the reactive oxygen species superoxide and hydrogen
C. elegans±P. aeruginosa Pathogenesis System
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peroxide (reviewed in Sorensen and Joseph, 1993). To
test the hypothesis that pyocyanin exerts its toxic ef-
fects in vivo through the generation of reactive oxygen
species, C. elegans mutants with altered responses to
oxidative stress were tested for their resistance or sus-
ceptibility to fast killing.
The age-1(hx546) mutant of C. elegans is extremely
resistant to the reactive oxygen species generator
methyl viologen (Johnson, 1990). Conversely, C. elegans
mutants that are highly sensitive to oxidative stress,
namely mev-1(kn1) (Ishii et al., 1990) and rad-8(mn163)
(Hartman and Herman, 1982; Ishii et al., 1993), have also
been identified. Both classes of mutants were tested in
the fast killing assay. In the case of mev-1 and rad-8
mutants, adult worms were used in the killing assay
instead of the L4 stage because, as shown in Figure
4A, the adults are more resistant to fast killing, thereby
increasing the resolution of the fast killing assay. As
shown in Figure 4B, both the mev-1 and rad-8 mutants
were highly sensitive to fast killing. Mutant adults (mev-1
control, rad-8 control; Figure 4B) did not die when ex-
posed to the control DH5a strain grown under similar
conditions, demonstrating that the increased sensitivity
did not result simply from exposure of worms to the
high osmolarity PGS medium. In contrast to the mev-1
and rad-8 mutants, age-1 worms were significantly more
resistant to fast killing than wild type (Figure 4C). These
results established that the resistance or susceptibility
of nematodes to oxidative stress correlated with their
resistance or susceptibility to fast killing, providing com-
pelling support to the model that pyocyanin exerts its
toxic effects in vivo through a mechanism involving oxi-
dative stress.
Since exposure of diverse cell types to sublethal
doses of heat shock has been shown to impart resis-
tance against oxidative stress (Neidhardt et al., 1984;
Lindquist, 1992; Arrigo, 1998) and exposure to oxidants
induces the expression of oxygen radical detoxifying
enzymes such as superoxide dismutase (reviewed in
Camhi et al., 1995), nematodes were exposed to these
stresses to determine their effects on fast killing. C.
elegans larvae between L2 and L3 stages were placed
at 308C for 12 hr, or plates containing L2 and L3 larvae
were spotted with 200 mM sodium hypochlorite. Worms
at the L4 stage from these treatments were more resis-
tant to fast killing than untreated worms (Figure 4D),
and the levels of resistance were comparable to those
observed with age-1 worms.
C. elegans P-Glycoprotein Mutants
Figure 4. Resistance to Fast Killing Correlates with Ability to With-Are More Sensitive to Fast Killing
stand Oxidative Stress In Vivo
Previously it had been demonstrated that mutations in
(A) Kinetics of fast killing using L4 stage worms (closed squares)the C. elegans P-glycoprotein genes (Pgps), which en-
compared with 1-day-old adult hermaphrodites (open squares).
code proteins belonging to a family of ATP-binding (B) Kinetics of fast killing of 1-day-old adult mev-1(kn1) and rad-
membrane transporters, resulted in increased sensitivity 8(mn163) mutant worms. mev-1 control and rad-8 control refer to
mutant worms that were grown on control E. coli DH5a plates,to toxins such as colchicine (Broeks at al., 1995). Since
showing that the increased sensitivity of these mutants is not afast killing is mediated by diffusible toxins, the C. ele-
result of growth conditions.gans P-glycoprotein mutant strain NL130[pgp-1(pk17);
(C) Kinetics of fast killing of L4 larval stage age-1(hx546) worms.pgp-3(pk18)] that contains deletions of two pgp genes,
(D) Exposure of L2-L3 stage larvae to environmental stresses such
pgp-1 and pgp-3 (Broeks et al., 1995), was tested in the as sublethal heat shock at 308C (1 Heat), or 200 mM sodium hypo-
fast killing model. In these assays, differing amounts of chlorite (1 Bleach) prior to conducting fast killing assays at the L4
stage causes resistance to fast killing.sorbitol ranging from 0 to 0.15 M were added to the
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full thickness skin burn model. Five fast killing mutants
were tested for growth in Arabidopsis leaves and also
in the mouse full burn model. Mutant 13C9 was not
included in this analysis because of its slower growth
rate in vitro. As shown in Table 1, the maximal level of
growth in Arabidopsis leaves was significantly lower for
two of the phenazine mutants, 3E8 and 8C12. In the
mouse model, these two mutants caused significantly
less mortality than the wild-type strain with a P , 0.05.
The third phenazine mutant, 1G2, was not significantly
different from the wild-type strain in either the plant or
the mouse models.
Both the hrpM mutant, 36A4, and the mexA mutant,
23A2, were severely debilitated in growth in Arabidopsis
leaves. In the mouse model, mutant 36A4 had a dramatic
effect, causing no mortality. In contrast, the mexA mu-
tant 23A2 was only marginally affected, and further stud-
ies using a lower inoculum need to be conducted in
order to verify the defect. These results demonstrate
that the fast killing screen is extremely effective at identi-
fying genes required for pathogenesis in both plants and
mice and, further, provide the first in vivo demonstration
that phenazines are required for pathogenesis in these
two hosts.
DiscussionFigure 5. C. elegans P-Glycoprotein Mutations Render the Worms
Sensitive to Fast Killing
(A) Fast killing of the NL130 [pgp-1(pk17);pgp-3(pk18)] (Broeks et The pathogenicity model described in this paper is
al., 1995) strain containing deletions of the pgp-1 and pgp-3 genes, based on antagonistic interactions between C. elegans
compared to the wild-type N2 strain under conditions of varying and the human opportunistic pathogen P. aeruginosa.
osmolarity 6 hr after exposure to PA14. NL130 mutants (hatched
Although some strains of P. aeruginosa are able to sup-bars) were killed more effectively than N2s (solid bars).
port the robust growth and reproduction of C. elegans(B) Combination of NL130 mutants with PA14 mutants in fast killing
(Andrew and Nicholas, 1976), we have found that a clini-assays carried out on 0.15 M sorbitol.
cal isolate, PA14, previously shown to also be a plant
pathogen, effectively killed C. elegans. It is reasonable
to conjecture that C. elegans and P. aeruginosa are likelyPG medium in order to better resolve the differences
between the wild-type N2 and the mutant NL130 strains. to be in competition in their natural environment, the
soil, and hence have developed strategies to combatAs shown in Figure 5A, the NL130 strain was dramati-
cally more sensitive to fast killing when compared to wild each other. The advantage of the C. elegans±P. aerugi-
nosa system is that the strategies employed by bothtype under the lower osmolarity conditions containing 0
or 0.1 M sorbitol. organisms during this antagonistic interaction can be
uncovered using systematic genetic analysis.The NL130 strain was tested in combination with the
different bacterial mutants defective in fast killing in The killing process we termed fast killing was medi-
ated by the action of diffusible toxins, since direct con-order to explore the underlying mechanism of the sensi-
tivity (Figure 5B). These experiments showed that unlike tact between nematodes and live bacteria was not re-
quired for killing. Several factors influenced the efficacywild type, NL130 mutant worms remained highly sensi-
tive to the PA14 mutants that produced wild-type levels of fast killing, one of the most critical being high osmolar-
ity. Since the expression of bacterial virulence factorsof pyocyanin, 23A2 and 36A4. However, NL130 worms
were no longer sensitive when exposed to the mutants is tightly regulated by various environmental signals (re-
viewed in Miller et al., 1989), it is possible that the ex-reduced in phenazine production, 34B12 and 3E8. These
results demonstrate that NL130 mutants are sensitive pression of the particular toxins that kill C. elegans is
induced by high osmolarity. An alternate and not mutu-to phenazines, since removal of these toxins by muta-
tions in bacterial genes affecting their production specif- ally exclusive hypothesis is that high osmolarity in-
creases the susceptibility of nematodes to fast killingically abolishes the sensitivity of the NL130 worms.
toxins. The two hypotheses cannot be distinguished at
this stage due to the inability to obtain fast killing usingPA14 Mutants Defective in Fast Killing
Are Attenuated in Virulence crude bacterial extracts. It is unlikely, however, that the
more efficient killing under high osmolarity conditionsin Other Model Hosts
To determine whether the bacterial factors that mediate resulted simply from the higher expression of one class
of toxin, the phenazine pigments, since these were notfast killing are relevant to pathogenesis in other hosts,
the fast killing mutants were tested for virulence in an expressed at higher levels in response to increasing
osmolarity (data not shown).Arabidopsis leaf infiltration model as well as in a mouse
C. elegans±P. aeruginosa Pathogenesis System
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The Role of Phenazines in Pathogenesis mammalian phosphatidylinositol 3-OH kinase [PI(3)K]
(Morris et al., 1996), participates in an insulin-signalingOur molecular analysis revealed that the association
between pigment production and pathogenesis was not pathway that regulates response to oxidative stress,
longevity, and entry into dauer, the developmentally ar-simply due to the coordinate regulation of pigmenta-
tion and toxin production by global regulatory factors. rested, alternate L3 larval stage in C. elegans (Morris
et al., 1996; Kimura et al., 1997). However, the dauerInstead we found that mutations in the phenazine bio-
synthetic genes phnAphnB, which encode the two sub- developmental arrest of the age-1(hx546) mutant is dis-
tinguishable from the other phenotypes since it is tem-units of a phenazine-specific anthranilate synthase
(Essar et al., 1990), were reduced in virulence. Moreover, perature sensitive and observed only at the nonpermis-
sive temperature of 278C (Morris et al., 1996). Becausethe TnphoA insertions in two mutants, 3E8 and 6A6,
disrupted a gene with homology to phzB, which was dauers are resistant to a variety of environmental
stresses and to fast killing, it was important to preventpreviously characterized as being part of a seven-gene
operon involved in the production of phenazine-1-car- age-1(hx546) mutants from entering into dauer during
the fast killing assays. This was ensured in two ways.boxylic acid in P. fluorescens and P. aureofaciens (Mav-
rodi et al., 1998). Comparison of this operon in P. fluo- First, worms were grown at the permissive temperature
of 208C, and the assays were conducted at 258C. Sec-rescens and P. aureofaciens showed that the two were
highly homologous, suggesting that pathways leading ond, worms were tested in the fast killing assay at the
L4 larval stage, when they could no longer enter intoto phenazine production are conserved in fluorescent
Pseudomonads, including P. aeruginosa. These data dauer.
The two additional C. elegans mutants tested in thestrongly implicate phenazines as toxins in the fast killing
process. fast killing assay, mev-1(kn1) (Ishii et al., 1990) and rad-
8(mn163) (Hartman and Herman, 1982; Ishii et al., 1993),The role of phenazines in pathogenesis was also ex-
amined in Arabidopsis and mice. The two independent have increased sensitivity to the superoxide anion gen-
erator methyl viologen. Although the molecular identitymutants containing insertions within the phzB gene, 3E8
and 6A6, were dramatically reduced in pathogenicity in of rad-8 remains unknown, the mev-1 gene has been
recently cloned and encodes a subunit of the enzymeboth the Arabidopsis leaf infiltration model as well as the
mouse burn model (Table 1), suggesting that phenazines succinate dehydrogenase cytochrome b, which cata-
lyzes electron transport from succinate to ubiquinoneare multihost pathogenicity factors. These findings are
also significant since, despite intensive in vitro analyses (Ishii et al., 1998). In addition, the activity of superoxide
dismutase is about half that of wild type in mev-1(kn1)of phenazines, the physiological significance of their
production and their role in P. aeruginosa infections in mutants (Ishii et al., 1990).
We found a correlation between the ability of C. ele-mammals remains controversial (reviewed in Sorensen
and Joseph, 1993), and prior to this study there has gans to withstand oxidative stress and the resistance
to fast killing, since age-1(hx546) worms were resistantbeen no demonstration of their role in vivo. Since the
different phenazine mutants had varying effects on to fast killing, whereas mev-1(kn1) and rad-8(mn163)
mutants were more sensitive. Since phenazines are apathogenicity in the different hosts, and since in vitro
studies have suggested that different phenazines have central part of the fast killing process, these data are
consistent with a model in which these pigments exertdistinct activities, further studies need to be conducted
in order to dissect the biological roles of individual phen- their toxic effects through the generation of oxidative
stress in vivo.azines.
Previously it had been suggested that phenazines may
contribute to the persistence of P. aeruginosa in chronic
Fast Killing Is Multifactoriallung infections, since quantities of pyocyanin capable
Analysis of fast killing mutants that generated wild-typeof altering eukaryotic cell function could be isolated
levels of pigments showed that although phenazinesfrom the sputum of cystic fibrosis patients (Wilson et
are essential mediators of fast killing, other factors areal., 1988). In this context, it is interesting to note that
involved in this process. Molecular analysis of one suchthe high salt, hyperosmolarity conditions used in the fast
mutant, 23A2, revealed that the transposon was insertedkilling assay are akin to those in the lung environment of
into a gene previously identified in P. aeruginosa straincystic fibrosis patients. Thus, it will be informative to test
PAO1 as mexA, which is part of the three-gene operonthe phenazine mutants in other animal models involving
mexA, mexB, OprM (Poole et al., 1993). The productslung infections, particularly a cystic fibrosis model.
of these genes are localized to the cytoplasmic (MexA,Although much of the antimicrobial action of phen-
MexB) and outer membranes (OprM), where they areazines as well as their ability to alter eukaryotic cell
proposed to function as a nonATPase broad specificityfunction has been attributed to their ability to generate
efflux pump (Li et al., 1995). Originally identified due tooxidative stress, this hypothesis has not been tested in
its contribution to the process of multidrug resistancevivo. We tested the oxidative stress model directly by
in P. aeruginosa, this pump is thought to play a generaltesting C. elegans mutants with altered ability to respond
role in the export of secondary metabolites, althoughto oxidative stress. age-1(hx546) mutant worms have
its natural substrates remain unknown (Poole, 1994).an increased tolerance for oxidative stress and exhibit
The defect of mexA mutant in fast killing is most likelyincreased levels in the activities of two oxygen radical
due to the lack of export of one or more toxins involveddetoxifying enzymes, catalase and superoxide dismu-
in this process. Since the mexA mutant was pigmented,tase (Larsen, 1993; Vanfleteren, 1993). The age-1 gene,
which encodes a homolog of the catalytic subunit of phenazines are not likely to be a substrate for the pump.
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Further investigation is required to identify the exact other bacterial mutants that generated wild-type levels
of phenazines. This experiment clearly demonstratesfactors involved. In addition to its defect in fast killing,
the mexA mutant was marginally reduced in pathogenic- how the ability to genetically manipulate both the host
and the pathogen allows the dissection of specific inter-ity in mice and severely debilitated in Arabidopsis. Al-
though the lack of export of specific virulence factors actions between bacterial virulence products and corre-
sponding host responses.could explain these defects, an additional model is that
the mexA mutant is unable to protect itself against host Although this paper explores host defense responses
by testing existing C. elegans mutants, the fast killingdefense factors generated in response to the bacterial
infection. model can be expanded for the systematic study of
host defenses. To uncover specific interactions betweenA second mutant identified in the screen with wild-
type levels of pigment, 36A4, contained a transposon bacterial and host factors, screens can be conducted
to identify C. elegans mutants that are sensitive to indi-insertion into a gene with homology to E. coli MdoH,
which is part of the mdoGH operon. In E. coli, the prod- vidual bacterial mutants. Characterization of such mu-
tants should provide tools for the analysis of the immuneucts of this operon are involved in the synthesis of mem-
brane-derived oligosaccharides (MDO) or linear, peri- response in C. elegans, a little-explored area of research.
Furthermore, given the striking similarities in the innate orplasmic glucans (Loubens et al., 1993). A similar locus,
termed hrpM, is present in the plant pathogen P. syrin- nonadaptive immune responses in diverse organisms
such as insects, plants, and mammals (Medzhitov andgae pv. syringae (Mukhopadhyay et al., 1988), originally
identified since mutations within this locus abolish both Janeway, 1998), perhaps the powerful molecular genet-
ics of C. elegans can be brought to bear on the area ofthe development of disease symptoms on host plants
as well as the hypersensitive response in nonhost plants immunity, just as it has on subjects such as development
and behavior.(Anderson and Mills, 1985). Periplasmic glucans have
also been found in a wide range of gram-negative bacte-
Experimental Proceduresria, where diverse, albeit poorly understood, functions
have been assigned to them. In addition to being essen-
Bacterial Strains, Plasmids, and Growth Conditionstial virulence factors in P. syringae, other functions in-
Bacterial strains were grown at 378C, and the media used for bacte-clude the adaptation to hypoosmotic environments and
rial culture and maintenance were Luria broth (LB) (Miller, 1972) or
cell signaling (reviewed in Kennedy, 1996). However, Kings broth (KB) (King et al., 1954), as stated. Antibiotic concentra-
despite being present in the periplasm of several animal tions for P. aeruginosa strain PA14 were rifampicin at 100 mg/ml,
neomycin at 200 mg/ml, kanamycin at 200 mg/ml, carbenicillin atpathogens such as Salmonella and Klebsiella, until this
300 mg/ml, and gentamycin at 30 mg/ml.study, which shows that P. aeruginosa carrying a muta-
tion in an mdoH-like locus is severely reduced in patho-
Nematode Stocksgenicity in mice, periplasmic glucans have not been
All C. elegans strains were maintained under standard culturing
shown to play a role in the infection of animal hosts. conditions on NG agar with E. coli OP50 as a food source (Sulston
and Hodgkin, 1988). Strains used in this work include the wild-type
Bristol strain N2 (Brenner, 1974) and the following mutant strains:
Analysis of C. elegans Defenses TJ1052, age-1(hx546)II (Johnson, 1990); TK22, mev-1(kn1)III (Ishii et
al., 1990); and PH13, rad-8(mn163)I (Hartman and Herman, 1982;against Fast Killing
Ishii et al., 1993). These strains were provided by the CaenorhabditisSince the fast killing model was mediated by diffusible
Genetics Center. In addition, the strain NL130 [pgp-1(pk17); pgp-toxins, the role of Pgps in protecting C. elegans against
3(pk18)] (Broeks et al., 1995) was kindly provided by A. Broeks and
these toxins was examined. Pgps are membrane-bound R. Plasterk.
proteins belonging to the family of ATP-binding cassette
(ABC) transporters (Higgins, 1992, 1995). Mammalian Bacterial Virulence Assays
Pgps, such as the product of the mdr-1 gene, are ex- The C. elegans fast killing assay was conducted by spreading 5 ml
of a PA14 culture grown overnight in Kings B on plates (3.5 cmpressed in the apical membrane of epithelial cells (Thie-
diameter) containing peptone-glucose medium (PG) (1% Bacto-baut et al., 1987), where they act as energy-dependent
Peptone, 1% NaCl, 1% glucose, 1.7% Bacto-Agar). Since the effi-efflux pumps extruding structurally and functionally un-
cacy of fast killing was found to depend on osmolarity, PG medium
related agents, thereby protecting cells from exogenous was modified by the addition of 0.15 M sorbitol. After spreading the
toxins (Schinkel et al., 1994). A similar function has been bacterial culture, plates were incubated at 378C for 24 hr and then
suggested for Pgps in C. elegans, specifically for the placed at room temperature for 8±12 hr. Fifteen to twenty worms
were placed on the assay plate, which was then incubated at 258C.product of the pgp-3 gene, deletions of which render
Each independent assay consisted of three to four replicates. Wormnematodes sensitive to exogenous toxins such as chlo-
mortality was scored over time, and a worm was considered deadroquine and colchicine (Broeks et al., 1995). Testing the
when it failed to respond to touch. The E. coli strain DH5a was used
NL130 C. elegans strain containing deletions in both the as a control for the assays. The Arabidopsis leaf infiltration assay
pgp-1 and pgp-3 genes demonstrated that this mutant and the mouse mortality assays were carried out as described in
was extremely sensitive to fast killing. The function of the Rahme et al. (1995).
Pgps was further examined using a genetic approach,
Screens for Bacterial Mutants Defective in Fast Killingcombining the pgp mutant strain NL130 with the differ-
PA14 mutant libraries were generated using the transposon TnphoAent bacterial mutants defective in the fast killing assay.
(Manoil and Beckwith, 1985) as previously described (Rahme et al.,These experiments showed that pgp mutants were sen-
1997). Individual TnphoA transposant strains were spread on PG 1
sitive to phenazines, since the sensitivity of these worms 0.15 M sorbitol plates, and five worms were tested per strain in the
to the fast killing process was alleviated by bacterial fast killing assay. A total of 3300 PA14 TnphoA transposants were
screened using this assay. Mutant strains on which there were threemutants defective for phenazine production but not by
C. elegans±P. aeruginosa Pathogenesis System
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to five surviving worms after 24 hr were resubjected to the fast Andrew, P.A., and Nicholas, W.L. (1976). Effect of bacteria on dis-
persal of Caenorhabditis elegans (Rhabditidae). Nematologica 22,killing assay, and those that consistently gave a lower rate of killing
451±461.relative to the parental PA14 strain were further characterized.
Arrigo, A.P. (1998). Small stress proteins: chaperones that act as
regulators of intracellular redox state and programmed cell death.Measurement of Pyocyanin Production
Biol. Chem. 379, 19±26.Pyocyanin quantitation is based on the measurement of absorbance
at 520 nm in acidic solutions following the method of Essar et al. Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G.,
(1990). The values are reported as the proportion of OD520 readings Smith, J.A., and Struhl, K. (1996). Current Protocols in Molecular
relative to the wild-type PA14 strain and represent the mean of three Biology (New York: John Wiley and Sons).
separate measurements corrected for the number of cells per ml of Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics
culture. 77, 71±94.
Broeks, A., Janssen, H.W., Calafat, J., and Plasterk, R.H. (1995).
Molecular Analysis of TnphoA Mutants A P-glycoprotein protects Caenorhabditis elegans against natural
Genomic DNA was isolated from PA14 and the TnphoA mutants toxins. EMBO J. 14, 1858±1866.
(Strom and Lory, 1986), and DNA blot analyses using random-primed
Camhi, S.L., Lee, P., and Choi, A.M. (1995). The oxidative stressTnphoA probes were carried out according to standard protocols
response. New Horizons 3, 170±182.(Ausubel et al., 1996). DNA was digested with the restriction endonu-
Donnenberg, M.S., and Kaper, J.B. (1991). Construction of an eaecleases XhoI or SacII, and inverse PCR (IPCR) products flanking the
deletion mutant of enteropathogenic Escherichia coli by using a59 and 39 transposon ends in the TnphoA mutants were amplified
positive-selection suicide vector. Infect. Immun. 59, 4310±4317.(Ohman et al., 1990) using the primer pairs LGR11LGR2 or
Doring, D. (1993). Chronic Pseudomonas aeruginosa lung infectionLGR31LGR4, respectively (Rahme et al., 1997). IPCR products rang-
in cystic fibrosis patients. In Pseudomonas aeruginosa as an Oppor-ing in size from 600 bp to 1.5 kb were sequenced directly (using
tunistic Pathogen, M. Campa, ed. (New York: Plenum Press), pp.the Sequenase PCR Product Sequencing Kit, United States Bio-
245±273.chemical).
Essar, D.W., Eberly, L., Hadero, A., and Crawford, I.P. (1990). Identifi-
cation and characterization of genes for a second anthranilate syn-DNA Sequence Analysis
thase in Pseudomonas aeruginosa: interchangeability of the twoSequence information was compared with the nonredundant pep-
anthranilate synthases and evolutionary implications. J. Bacteriol.tide sequence databases at the National Center for Biotechnology
172, 884±900.Information as well as to the P. aeruginosa PAO1 sequence recently
generated by the P. aeruginosa genome project (Cystic Fibrosis Gish, W., and States, D.J. (1993). Identification of protein coding
Foundation and PathoGenesis Corporation) using the BLASTX pro- regions by database similarity search. Nat. Genet. 3, 266±272.
gram (Gish and States, 1993). Hartman, P.S., and Herman, R.K. (1982). Radiation-sensitive mutants
of Caenorhabditis elegans. Genetics 102, 159±178.
Generation of a PA14 DphnAphnB Deletion Mutant Higgins, C.F. (1992). ABC Transporters, from microorganisms to
The phenazine biosynthetic genes phnA and phnB (Essar et al., man. Annu. Rev. Cell Biol. 8, 67±113.
1990) lie upstream of the previously characterized pho34B12
Higgins, C.F. (1995). The ABC of channel regulation. Cell 82,
TnphoA insertion in PA14 (Rahme et al., 1997; GenBank accession
693±696.
# AF031571). A 2.6 kb fragment containing the phnA and phnB genes
Ishii, N., Takahashi, K., Tomita, S., Keino, T., Honda, S., Yoshino,and 1.7 kb of downstream sequences was cloned into pBluescript
K., and Suzuki, K. (1990). A methyl viologen-sensitive mutant of theSK/1 to generate the construct pBs34B12phnA. An in-frame dele-
nematode Caenorhabditis elegans. Mutation Res. 237, 165±171.tion within phnAphnB was generated by replacing 2.6 kb of the wild-
Ishii, N., Suzuki, N., Hartman, P.S., and Suzuki, K. (1993). The radia-type sequence of the genes with a 1 kb fragment (Figure 3) amplified
tion-sensitive mutant rad-8 of Caenorhabditis elegans is hypersensi-by PCR to yield the plasmid pBs34b12phndel. A 1.8 kb XbaI frag-
tive to the effects of oxygen on aging and development. Mech.ment containing the phnAphnB in-frame deletion was subcloned
Ageing Dev. 68, 1±10.into the positive-sucrose-selection suicide vector pCVD442 (Donnen-
berg and Kaper, 1991). The resulting construct, pCVD34B12phndel, Ishii, N., Fujii, M., Hartman, P.S., Tsuda, M., Yasuda, K., Senoo-
was used to introduce the deleted phnAphnB genes into the wild- Matsuda, N., Yanase, S., Ayusawa, D., and Suzuki, K. (1998). A
type PA14 genome by homologous recombination resulting in the mutation in succinate dehydrogenase cytochrome b causes oxida-
mutant PA14 DphnAphnB. DNA restriction and DNA blot analyses tive stress and ageing in nematodes. Nature 394, 694±697.
confirmed that the mutant contained the desired deletion. Johnson, T.E. (1990). Increased life-span of age-1 mutants in Caeno-
rhabditis elegans and lower Gompertz rate of aging. Science 249,
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